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FREEZING  OUT  MOISTURE  AND  CARBON  DIOXIDE  IN 
TUBULAR  HEAT  EXCHANGERS 

G.  V.  Vasyunina  and  L«  S.  Aksel'rod 


Symbol 3 

a  -  heat-transfer  coefficient; 
p  «*  mass-transfer  coefficient; 

7  =  gas  density; 

C  **  gas  heat  capacity; 

s' 

a  =  gas  thermal  diffusivity; 

D  ■  vapor  diffusion  coefficient; 
dQ  »  amount  of  heat; 
dO  ■>  amount  of  substance; 
df  «  surface; 

Pg  »  vapor  pressure  in  the  flow  core; 
p  s*  saturated  vapor  pressure; 

T_  ■  gas  temperature; 

o 

Tw  m  wall  temperature; 

-  gas  temperature  at  the  inlet; 

T2  gas  temperature  at  the  outlet; 
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c  -  concentration  of  vapor  in  the  flow  core; 

c  ®  concentration  of  vapor  at  the  wall; 

cn  =  concentration  of  vapor  during  saturation; 

e  a  -  Lewis  ooeffioient; 

S  »  degree  of  super  saturation  of  gas; 

=  linear  heat-transfer  coefficient; 

a*  =  coefficient  of  heat  transfer  from  the  wall  to  the 
cooling  gas; 

a2  °  coefficient  of  heat  transfer  from  the  cooled  gas  to 
*  the  wall; 

of  -=  coefficient  of  heat  transfer  from  the  gas  to  the  frost 
1  layer; 

■=»  coefficient  of  heat  transfer  from  the  cooled  gas  to 
1  the  wall; 

X.„  =  heat  conduction  of  the  tube; 
in 

X^  ■  heat  conduction  of  the  frost; 

X  o  heat  conduction  of  gas; 

|j.  =  viscosity  coefficient; 
d^  =  internal  diameter  of  the  tube; 
d2  »  external  diameter  of  the  tube; 
dh  =  diameter  of  the  frost  layer; 
t  =  step  between  the  tubes; 

H  =>  distance  between  the  baffles; 


n  «  number  of  tubes  distributed  with  respect  to  the  diameter; 

g  =  unit  load  with  respect  to  the  frost; 

«  standard  unit  load  with  respect  to  the  frost; 

T  =»  operating  time  of  freezer  until  clogged; 

t  =»  operating  time  of  freezer  until  clogged  when  the  unit 
s  is  standard; 

Re  “  Reynolds  number; 

Nu  -  Nusselt  number; 

Pr  ■=  Prandtl  number; 
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0  -  gas  weight  flow; 

W 

w  *  gas  velocity} 

x ^  *  Initial  moisture  content  of  the  air; 

Xg  *  final  moisture  oontent  of  the  air. 

One  of  the  methods  of  removing  moisture  and  carbon  dioxide  from 
technological  air  flows  is  the  freezing  of  these  impurities  in  revers¬ 
ing  heat  exchanger-freezers  serving  simultaneously  for  cooling  the  air 
and  heating  the  products  of  separation. 

When  designing  freezers  we  should  determine  their  thermal  regime, 
desi^i,  and  dimensions  which  guarantee  the  prescribed  content  of  the 
frozen  component  at  the  outlet  from  the  device  for  the  prescribed 
duration  of  its  operation  up  to  clogging  or  switching. 

Research  [2,  4,  6,  9,  13,  14,  16,  17,  19]  on  freezing  was 
conducted  under  various  conditions  which  led,  in  most  cases,  to 
contradictory  results  and  did  not  yield  sufficient  grounds  for  a 
true  solution  of  the  industrial  problem. 

This  article  reports  the  results  of  an  experimental  Investigation 
of  certain  fundamental  questions  connected  with  the  operation  of  mois¬ 
ture  and  carbon  dioxide  freezers  in  air  separators. 

Amount  of  Frozen  Component  at  the  Outlet  From  the  Freezer 

In  order  to  determine  the  amount  of  impurities  in  the  air  beyond 
the  freezers  it  is  necessary  to  determine  in  what  aggregate  state  they 
can  be,  depending  on  cooling  conditions. 

When  the  vapor-gas  mixture  moves  over  the  cooling  surface  two 
processes  take  place  simultaneously:  heat  transfer  and  mass  transfer. 
Under  appropriate  conditions  they  can  be  accompanied  by  a  change  in 
the  aggregate  state  of  the  vapor  with  its  separation  as  a  condensate 
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or  in  the  form  of  crystals.  In  this  work,  in  connection  with  freezers, 
we  will  examine  the  question  of  crystallization  from  the  gaseous  phase 
when  the  gas  content  in  the  vapor-gas  mixture  is  small.  When  the 
wall  is  cooled  to  a  temperature  below  the  freezing  point,  equal  or 
lower  than  the  dew  point  in  the  cooled  mixture,  the  vapor  begins  to 
change  from  the  gaseous  phase  to  the  solid  phase.  We  will  call  the 
crystals  settling  onto  the  cooling  surface  frost.  As  a  result  of 
cooling,  the  vapor  content  can  correspond  to  undersaturation,  satura¬ 
tion,  or  supersaturation  at  the  mixture  temperature.  In  the  last 
case  bulk  crystallization  is  possible  and  the  vapor-gas  mixture  will 
contain  saturated  vapor  and  aerosols,  i.e.,  the  crystals  in  the  mixture 
under  consideration,  suspended  in  a  volume,  in  the  future  will  be 
designated  snow. 

For  normal  operation  of  the  devices  located  behind  the  freezers 
the  presence  of  both  snow  and  supersaturated  vapor  in  the  flow  is 
undesirable. 

The  magnitude  of  the  supersaturation  is  characterized  by  the 
degree  of  supersaturation  S  which  is  the  ratio  of  the  vapor  pressure 
In  the  vapor-gas  mixture  to  the  saturated  vapor  pressure  when  the 
temperature  of  the  mixture  over  the  flat  surface  of  the  equilibrium 
phase fl] : 

S  -  Is  (1) 

*s 

Bulk  crystallization  occurs  at  supersaturation  which  is  equal 
to  or  greater  than  some  critical  super saturation.  The  magnitude  of 
critical  supersaturation  depends  on  the  properties  of  the  vapor-gas 
mixture,  the  cooling  conditions,  and  the  existence  of  crystallization 
nuclei  in  the  flow;  gas  Ions  and  suspended  particles  serve  as  these 
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nuclei.  Depending  on  the  conditions  of  the  formation  of  the  flow  of 
gas  mixture  the  presence  of  its  bulk  crystallization  nuclei  can  be 
characterized  principally  by  the  absence  of  suspended  particles  and 
gas  ions,  the  presence  of  gas  ions,  or  the  presence  of  suspended 
particles.  The  magnitude  of  critical  supersaturation  will  differ 
for  these  three  cases. 

Critical  supersaturation  has  its  highest  value  for  a  mixture  in 
which  suspended  particles  and  gas  ions  are  absent.  According  to  the 
data  of  a  number  of  authors  [l],  in  this  case  the  vapor  pressure  in 
the  flow  at  which  bulk  condensation  or  crystallization  begins  due  to 
fluctuation  of  the  molecules  can  be  more  than  8  times  greater  than 
the  saturated  vapor  pressure  and  in  the  presence  of  suspended  particles 
bulk  crystallization  can  occur  at  very  low  supersaturation. 

Although  the  separators  remove  dust  from  the  air,  nevertheless 
we  cannot  assume  that  crystallization  nuclei  are  completely  absent- 
in  the  flow.  Under  these  conditions  the  third  case  can  occur. 

Experimental  investigations  [l,  2,  6,  11,  13,  and  17 ]  disclose, 

under  certain  cooling  conditions  of  vapor-gas  mixtures,  the  formation 
of  snow  in  the  volume  of  gas.  Tests  were  made  with  various  mixtures 
•  and  at  significant  differences  of  temperature  between  the  gas  and  the 
cooling  surface.  The  operating  conditions,  however,  of  the  freezers 
of  air-separators  differ  from  the  conditions  under  which  these  tests 
were  carried  out  and,  therefore,  require  special  study. 

The  nature  of  the  course  of  the  process  of  freezing  out  depends 
on  the  relation  of  the  rate  of  heat  and  mass  transfer. 

In  order  to  analyze  the  freesing-out  process.  Hausen  [8]  like 
other  investigators,  used  Lewis'  coefficient  [12]  which  characterizes 
the  ratio  of  these  rates: 
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t*7C_* 


(2) 


He  examined  the  process  with  two  fundamental  assumptions: 

1)  the  temperature  difference  between  the  gas  and  the  cold  wall 
is  so  slight  that  the  vapor  pressure  change  in  this  interval  can  be 
expressed  by  a  linear  dependence; 

2)  the  vapor  above  the  frost  surface  is  saturated. 

From  the  general  equations  of  heat  and  mass  transfer 


dQ=«(7'#_rw)ar/. 

dQ'=Hcti-cK)df 


we  obtained 


(5) 

<*) 

(5) 


ea  c 

When  e  >  1  there  is  more  vapor  in  the  mixture  than  corresponds 
to  saturation,  since  the  rate  of  mass  transfer  is  too  small  compared 
with  the  intensity  of  the  heat  transfer.  The  gas  is  cooled  quicker 
than  the  substance  can  precipitate  onto  the  wall,  which  creates  condi¬ 
tions  for  super saturation;  when  the  crystallization  nuclei  are  inside 
the  flow,  snow  is  Termed. 

When  e  <  1  the  gas  contains  leas  vapor  than  corresponds  to  satura¬ 
tion,  since  0ycp  is  greater  than  a.  So  much  of  the  crystallizing 
substance  is  brought  to  the  wall  that  the  amount  of  it  remaining  is 
Insufficient  for  saturation.  The  formation  of  supersaturated  vapor 
and  when  crystallization  nuclei  are  present,  the  formation  of  snow  in 
the  volume  is  possible  when  e  >  1.  When  e  £  i  crystals  can  be  formed 
only  on  the  wall  of  the  tube. 

On  the  basis  of  the  similitude  theory  for  a  laminar  flow 

e  =  ^  (6) 


#  i 

v 


A 


if 
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From  the  boundary  layer  theory  and  momentum  theory  Hausen 

found  that  at  the  critical  Reynolds  number. 

2 

e  -  (§)5  (7) 

for  a  turbulent  flow 

.=  .  +  1.5Ke-±(-£_, )(£)"{•.  (8) 

When  the  Reynolds  number  is  increased,  e  approaches  unity.  Hence, 
snow  should  not  form  in  a  turbulent  flow. 

From  the  literature  data  [9,  11,  13,  14,  and  17 ]  we  see  that  on 
cooling  of  a  laminar  flow  of  the  mixture  air-water  vapor  having 
“  0.937,  and  when  the  temperature  differences  are  small,  . snow  does 
not  form;  under  the  same  conditions  in  the  flow  for  an  air-benzene 
mixture  in  which  ^  =  2.475  the  presence  of  snow  was  observed. 

When  the  temperature  differences  between  the  wall  and  the  gas  were 
high  we  sometimes  observed  the  formation  of  snow  in  the  air-water  vapor 
mixture  as  well.  The'  literature  sources  do  not  give  grounds  for 
evaluating  the  region  of  temperature  differences  in  which  Hausen's 
theoretical  premises  are  valid. 

His  assumption  of  the  linear  dependence  of  saturated  vapor 
pressure  on  temperature  for  water  and  carbon  dioxide  even  within  limits 
of  engineering  accuracy  is  fulfilled  only  for  a  difference  of  4-5°. 

In  the  existing  heat  exchangers  of  air  separations  the  difference  In 
temperature  between  the  cooled  air  and  the  wall  can  reach  20-30°. 
Therefore,  at  first  glance  Hausen's  calculations  are  inapplicable  to 
the  operating  conditions  of  the  industrial  freezers  of  air  separators. 
However,  taking  into  account  the  effect  of  a  forming  frost  layer  on 
the  course  of  the  process,  one  cannot  admit  that  such  a  conclusion  is 
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Indisputable. 

Until  now  the  question  of  the  effect  of  a  frost  layer  was  examined 
in  the  literature  in  relation  to  an  investigation,  during  freezing,  of 
the  magnitude  of  the  heat-transfer  coefficient  from  the  wall  the  gas 
[3,  6,  7,  ±0,  16,  18,  19  and  20],  which  will  be  examined  later  in  great 
detail.  Here  we  consider  It  necessary  to  emphasize  that  the  formation 
of  a  frost  layer  also  essentially  changes  the  conditions  of  the  very 
course  of  the  freezing  process.  t 

As  has  already  been  noted  in  the  literature  [12,  16,  17]  the  fact 
here  Is  not  only  that  the  projecting  crystals  greatly  agitate  the 
flow,  while  when  the  gas  permeates  through  the  frost  layer  the  snow 
which  precipitated  in  the  coldest  layers  of  the  flow  can  lag  (adhere) 
on  them.  The  fact  is  that  the  surface  temperature  of  crystals  with 
the  greatest  projection  into  the  flow  at  a  certain  distance  from  the 
wall  is  higher  than  the  wall  temperature  (similar  to  that  which 
occurs  for  the  ribs  of  heat  exchangers).  Therefore,  the  actual  differ¬ 
ence  of  temperatures  between  their  surface  and  the  gas  will  be  notice¬ 
ably  less  than  between  the  ga3  and  the  wall. 

This  circumstance  noticeably  expands  the  region  of  temperature 
differences  for  which  Hausen' 3  theoretical  assumptions  remain  valid. 

In  order  to  explain  the  effect  of  the  temperature  difference  and 
initial  concentration  on  the  course  of  the  process  of  freezing  out 
we  made  testB  on  two  laboratory  models.  A  glass  model  was  tested  at 
atmospheric  pressure,  and  a  metal  model  was  tested  at  a  pressure  up 
to  7  atm  (abs.).  Assuming  that  «  1.2  for  an  air-carbon  dioxide 
mixture,  i.e.,  close  to  the  value  of  this  ratio..for  an  air-water 
vapor  mixture  (the  freezers  operate  with  turbulent  flow  of  the  gas), 
the  tests  were  made  with  water  vapor. 
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The  visual  model  (Fig.  1)  Is  a  copper  tube  with  an  outside  diameter 
of  10  mm,  with  a  wall  0.5  mm  thick  and  1500.  mm  long  in  a  glass  tube 
25  mm  in  diameter  with  an  evacuated  glass  housing.  Dry  cooling  air 
is  fed  into  the  copper  tube,  and  the  moist  air  being  investigated  is 
passed  around  its  outside.  The  water  vapor  is  frozen  out  on  the  outer 
surface  of  the  copper  tube.  The  different  moisture  content  in  the 
working  flow  at  the  input  to  the  model  was  attained  by  mixing  the 
dry  air  with  the  air  which  passed  through  the  humidifier.  In  order 
to  obtain  the  required  temperture,  most  of  the  cooling  air  was  first 
passed  through  a  coil  immersed  in  liquid  oxygen.  The  temperature  of 
the  cooling  flow  was  regulated  by  changing  the  level  of  the  liquid 
oxygen  in  the  housing  of  the  coil  and  by  adding  warm  air  to  the  flow. 

The  temperature  of  the  flows  waB  measured  at  the  input  and  output 
from  the  model  by  copper-constantan  thermocouples  mounted  on  the  sleeves 
of  the  model.  Diaphragms  measured  the  amount  of  gas.  The  moisture 
content  of  the  air  at  the  inlet  and  outlet  from  the  model  was  measured 
by  a  hygrometer  with  respect  to  the  dew  point. 

We  fed  warm  air  into  the  model  in  the  beginning  of  the  test, 
and  in  order  to  reach  the  prescribed  thermal  conditions  the  necessary 
moisture  content  at  the  inlet  to  the  model  was  established. 


Fig.  i.  Glass  model  of  a  freezer.  A) 
inlet  of  cooled  air;  3)  outlet  of  cooled 
air;  c)  inlet  of  ooollng  airs  D)  outlet 
of  cooling  air;  E)  copper  tube;  f)  glass 
tube;  g)  evacuated  glass  housing;  H) 
glass  guides;  I)  thermocouple. 
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The  air  temperature  at  the  inlet  varied  from  +10  to  +18°.  The 
air  was  cooled  to  temperatures  from  +2  to  -59°.  The  temperature 
difference  of  the  air  and  the  wall  at  the  cold  end  varied  from  15  to 
1^0°.  The  moisture  content  of  the  air  entering  for  cooling  was 
calculated  so  that  the  dew  point  was  different  in  the  tests  and 
varied  from  +3  to  -l8°.  Table  1  shows  the  data  of  the  tests. 


TABLE  1 

Lata  of  the  Tests  Conducted  on  a  Class  Model. 


T««t 

ho. 

Tnnmoraturo 
of  ooclo'i 
tliv  or 

Volooitj 
of  air 

s/««o 

R«ynold» 
So.  Do  ' 

Mm ' 

»ir  °c* 

j 

At 

inlot 

At 

outlet 

warn 

<md 

sain 

end 

At 

inlet 

1 

17.6 

1.4 

3.14 

10750 

18 

13 

—  4.' 

—  6.9 

0,57  " 

2 

18.2 

3,15 

10700 

18 

'  18 

—  3.4 

-031 

0j5 

3 

15.0 

—10.0 

3.08 

10  700 

27 

—15 

—20 

0.4 

4 

15.0 

—  10.C 

3.08 

10700 

dJH 

27 

+  2.0 

—  10,0 

1.0 

s 

17.2 

—  4.0 

3.0 

•  10200 

26.4 

—16.0 

—30,4 

A 

If..? 

-11,1 

2.15 

10  000 

40 

30 

—  7.0 

-IP.Q 

0.63 

7 

17.0 

— i7.r. 

2,87 

11500 

40 

86 

— 18.C 

-31 

0,47 

6 

10.3 

—24.6 

3,06 

11210 

50,3 

67 

-12.6 

-28 

0,71 

ff 

48 

—31 

2.8 

10700 

62 

58 

+  3 

— 1R 

5.1 

JO 

14,5 

—30.4 

1,77 

8450 

03.5 

64.3 

—  3 

—15 

4.7 

11 

18 

—17 

1,65 

0  430 

70 

81 

+  2.! 

—It 

1.47 

12 

18 

—211 

2.48 

12  820 

73,5 

02 

—18.6 

—28 

l.l 

13 

15 

-51,5 

’  2,74 

•11300 

118 

111 

-8.8 

—17 

47 

14 

12 

—45 

0,84 

3620 

135 

115 

— 

—26 

8.3 

15 

12 

—42 

2,83 

122C0 

145 

47 

-12.8 

-31 

3.6 

• 

woffi  OOndUQtdd  lBHdittlly  AfteP  fOOdilH  tfi#  Milt  AiP*  j 

Three  typical  pictures  of  the  course  of  the  process  of  freezing 
out  the  moiBture  were  observed  visually,  depending  on  the. conditions 
of  conducting  the  tests. 

In  the  first  case  (tests  No.  1-6),  when  the  moist  air  was  fed 
into  the  model  the  frost  settled  out  only  on  the  surface  of  the  cold 
tube,  while  bulk  crystallization  was  not  obseryed.  Analysis  of  the 
air  for  moisture  content  at  the  outlet  from  the  model  showed  the 
absence  of  super saturation. 


-10- 


In  the  second  oase  (tests  No,  7-12),  at  the  moment  the  moist 
air  was  fed  freezing  out  of  the  frost  wsb  observed  on  the  cold  tube 
as  well  as  on  the  uncooled  surface  of  the  external  glass  tube;  then 
the  frost  gradually  disappeared  from  the  glass  wall  and  appeared  no  more. 
In  this  case  we  observed  Isolated  snow  crystals  which  precipitated 
on  the  conductors  of  the  thermocouple,  which  were  introduced  into 
the  working  space  of  the  model.  Bulk  crystallization  was  not  detected 
with  the  naked  eye,  but  analyses  of  a  gas  sample  taken  at  the  initial 
moment  of  feeding  the  moist  air  showed  the  presence  of  super saturation. 

In  the  third  group  (tests  No.  13-15),  when  the  moist  air  was 
fed  into  the  model,  snow  formed  in  the  flow;  this  snow  was  noticed 
along  the  entire  length  of  the  tube.  At  first  the  surface  of  the  cold 
tube  was  covered  with  isolated  crystals,  and  then  frost  began  to 
gradually  precipitate  on  it.  As  the  amount  of  frost  increased,  the 
zone  of  snow  formation  shifted  toward  the  cold  end,  and  then  the  snow 
disappeared  and  the  flow  became  transparent.  It  was  visually  observed 
that  when  the  flow  velocity  significantly  decreased  and  laminar 
regime  was  approached,  the  amount  of  snow  in  the  flow  Increased. 

The  tests  conducted  on  the  model  allow  us  to  conclude  that  when 
freezing  out  moisture  from  air,  and  with  a  temperature  difference 
between  the  gas  and  the  glass  tube  of  less  than  30°  we  should  not 
expect  the  formation  of  supersaturated  vapor.  In  the  case  of  a  higher 
temperature  difference  when  the  moist  air  is  fed  during  a  certain 
period,  the  formation  of  supersaturated  vapor  and  snow  is  possible. 

As  a  frost  layer  forms  the  zone  of  snow  formation  in  these  cases  is 
curtailed,  shifting  toward  the  cold  end  of  the  apparatus,  and  after 
several  minutes  snow  formation  has  already  ended. 
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It  should  be  noted  that  frost  precipitates  on  all  surfaces  whose 
temperatures  are  below  the  dew  point  for  the  gas.  For  instance,  in 
our  first  model,  on  the  glass  guides  in  the  copper  tube  a  great  quan¬ 
tity  of  frost  precipitated  which  most  often  caused  dogging  of  the 
model.  The  temperature  of  the  glass  guides  was  obviously  higher  than 
that  of  the  wall  of  the  tube,  but  they  appear  to  be  stimuli  to  the 
agitation  of  the  flow.  During  super saturation,  the  snow  also  precip¬ 
itates  on  the  noncooled  surfaces,  e.g,,  on  the  thermocouple  conductor. 

The  air  velocity  in  the  tests  in  which  clear  snow  formation  was 
not  noted  varied  from  1.7  to  3.2  m/sec,  and  in  this  case  separation 
of  frost  was  not  observed.  When  creating  a  pulsating  flow  the  separa¬ 
tion  of  frost  from  the  walls  was  observed  at  the  moment  of  a  sharp 
Increase  of  the  velocity. 

In  all  the  tests  the  frost  density  along  the  length  of  the  tube 
varied.  According  to  visual  observations  at  the  warm  end  the  frost 
was  more  dense,  and  toward  the  cold  end  of  the  tube  its  density 
decreased. 

Tests  with  moist  air  at  a  pressure  to  7  atm  (abs.)  were  conducted 
on  a  metal  model  assembled  according  to  the  following  diagram  (Fig.  2). 
Dry  clean  air  was  fed  into  collector  1  from  which  it  was  removed  both 
for  feeding  into  the  working  tube  2  of  model  and  for  oooling.  The 
part  of  the  air  fed  into  the  working  tube  is  first  passed  through 
humidifier  3  for  saturation  by  water  vapor,  through  moisture  separator 
4  for  liberation  from  drops  of  water  trapped  by  the  flow,  and  is  then 
mixed  with  the  dry  air  entering  from  the  collector.  The  amount  of 
moist  air  and  the  total  amount  of  air  entering  the  tube  was  measured 
by  precalibrated  diaphragms.  The  temperature  of  the  vapor-air  mixture 
was  first  lowered  somewhat  in  heat  exchanger  3;  then  this  mixture  was 


12- 


fed  Into  the  working  tube  of  the  model  where  it  was  finally  cooled 
down  to  the  prescribed  temperature  and  released  Into  the  atmosphere 
through  the  regulating  valve  and  the  diaphragm.  For  cooling  we  used 
air  fed  from  the  collector,  part  of  which  went  into  coil  6  cooled  by 
liquid  oxygen.  The  temperature  of  the  cooling  flow  at  the  inlet  to 
the  model  was  regulated  by  mixing  the  air  cooled  in  the  coil  with 
the  warm  air  (from  the  same  collector).  The  diaphragm  varied  the 
amount  of  cooling  air. 

The  freezer  was  made  of  copper 
tubing  (Fig.  3)  with  an  outside 
diameter  of  18  mm,  3  mm  thick, 

1600  mm  long,  enclosed  in  a  shell 
20/25  mm  in  diameter.  The  vapor- 
air  mixture  was  fed  into  the  inter¬ 
nal  tube,  and  the  cooling  air  into 
the  external  tube.  The  temperatures 
of  the  gas  and  wall  were  measured 
by  the  precalibrated  copper- 
constantan  thermocouples. 

In  order  to  measure  the  wall 
temperature,  on  the  outer  surface 
of  the  tube  grooves  were  cut  out  into  which  the  thermocouple  junctions 
were  put.  The  surface  of  the  groove  was  first  coated  with  glue  to 
create  an  insulating  layer.  The  thermocouple  junction  was  fastened 
to  the  surface  of  the  tube,  and  the  leads  were  wound  in  several  layers 
about  the  groove  and  covered  by  a  thin  protective  film  of  electrical 
insulating  material.  The  thermocouple  junction  and  the  leads  were 
clamped  to  the  wall  by  two  brass  half-rings  on  which  we  placed  a 


[ 

1° 

0 

j 

?>  9 

p| 

1 

u 

*  • 

■  fT 

-- 

in 

4  J 

1 

TP 

w— r 

I 

===i"=r-  J: 

'Ml 

1 

Fig.  2.  Diagram  of  a  metal  model 
of  a  freezer.  1)  air  collector; 
2}  working  tube;  3)  humidifier; 
4)  moisture  separator;  5)  heat 
exchanger;  6)  coil  to  cool  the 
cooling  air. 
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bushing,  for  strengthening,  whose  wall  is  0.5  mm  thick.  There  are 
grooves  in  the  rings  and  bushing  for  passing  the  leads.  The  thermo¬ 
couple  leads  were  lead  out  of  the  model  between  the  washers  of  the 
flanges.  The  gas  temperature  was  measured  by  thermocouples  mounted 
along  the  tube  in  those  same  oross  sections  where  the  wall  temperature 
was  measured  (Pig.  ^).  We  measured  the  etnf  by  a  PPTV-1  potentiometer. 


Pig.  5.  Working  tube  of  the  metal  model  of 
the  freezer.  A  and  B)  inlet  and  outlet  of 
the  cooled  air;  C  and  D)  inlet  and  outlet 
of  the  cooling  air;  E  and  F)  thermocouples 
for  measuring  the  temperature  of  the  gas 
and  the  wall;  Q)  air  specimen  for  analysis 


Pig,  4.  Diagram  of  the  position 
of  the  thermocouples  in  the 
working  tube  of  the  model. 


The  amount'  of  water  vapor  in 
the  air  was  determined  by  the  dew 
point  method  using  hygrometers. 

The  air  entering  the  model  was 
analyzed  at  the  input  to  the 
working  tube.  The  cooled  air  was 
analyzed  both  at  the  outlet  from 
the  model  and  at  a  distance  of 
100  mm  from  the  cold  end.  In  order 
to  prevent  freezing,  the  analysis 
tube  inside  the  model  was  provided 
with  an  electric  heater. 
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At  the  beginning  of  the  test  the  dry  air  was  directed  into  the 
tube,  and  only  after  establishing  the  presoribed  thermal  regime  was 
the  moist  air  introduced. 

The  temperature  of  the  air  at  the  inlet  in  each  test  w&a  held 
constant,  and  in  different  tests  varied  from  +15  to  -16°.  The  air 
was  ^cooled  to  temperatures  of  -1  to  -38°. 

The  difference  in  temperature  between  the  gas  and  the  wall  of 
the  tube  in  different  cross  sections  did  not  exceed  30°.  Table  2 
shows  the  results  of  the  analyses  of  the  moisture  content  of  the  air 
at  the  outlet  from  the  working  tube  of  the  model.  In  none  of  the 
tests  did  the  analysis  show  the  presence  of  supersaturated  vapor.  ThiB 
same  table  also  shows  the  values  of  the  moisture  content  for  each 
test,  calculated  by  equations  given  in  the  literature. 
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Amelin  [l],  in  connection  with  the  cooling  of  vapor-gas  mixtures 
in  coolers,  derived,  starting  from  the  general  equations  of  heat  and 
mass  transfer  (3)  and  (4),  an  expression  for  determining  the  final 
vapor  pressure  when  the  temperature  of  the  cooling  surface  is  constant: 
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(9) 


)ro>i-pw  )+pw . 

Linde  [13]  applied  this  same  dependence  to  the  case  of  freezing 
out  vapor  from  the  mixture. 

With  simultaneous  solution  of  Eqs.  (3)  and  (4)  for  the  case  when 
the  temperature  of  the  cooling  wall  Is  variable  with  respect  to  the 
length  of  the  path  of  the  gas,  integration  is  possible  only  when  the 
law  of  temperature  change  is  known,  and  leads  to  cumbersome  calcula¬ 
tion  operations.  Therefore,  when  calculating  we  divided  the  surface. 
In  accordance  with  the  literature  recommendations  [l],  one  after' 
another  Into  a  series  of  regions  for  each  of  which  the  temperature 
of  the  wall  can,  with  sufficient  accuracy,  be  considered  fixed  and 
equal  to  the  average  temperature  In  the  region  under  consideration. 

A  comparison  of  the  calculated  data  from  Eq.  (9)  and  the  test 
data  for  regimes  In  which,  according  to  the  calculation,  air  nonsatu- 
rated  or  saturated  by  water  vapor  should  be  obtained  at  the  outlet 
from  the  tube  shows  quite  complete  (within  limits  of  the  accuracy  of 
the  tests)  coincidence  of  the  values  of  the  moisture  content.  In 
these  same  tests  [3,  4,  6,  10,  12,  and  13],  In  which  by  calculation 
supersaturated  vapor  or  snow  should  have  been  obtained  In  the  volume, 
analysis  invariably  showed  a  state  of  saturation  at  the  outlet  from 
the  model.  It  should  be  pointed  out  that  the  air  sample  for  determin¬ 
ing  the  moisture  content  at  the  outlet  from  the  model  was  chosen  not 
at  the  first  moment  of  feeding  the  moist  air,  but  after  a  certain 
very  short  period  of  time. 

The  tests  conducted  with  carbon-dioxide  freezers,  whioh  we  will 
discuss  in  detail  below,  showed  that  at  the  outlet  from  the  apparatus 
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the  COg  content,  within  limits  of  accuracy  of  the  analysis,  also 
corresponded  to  saturation. 

Thus,  the  results  of  our  tests  Bhow  that  the  formation  of  a  frost 
layer  on  the  wall  very  rapidly  changes  the  physical  conditions  of  the 
process.  As  a  result,  the  equations  of  type  (9)  proposed  by  Linde  and 
other  authors  are  proved  inapplicable  to  calculating  freezers  as  soon 
as  the  flow  becomes  saturated  with  vapor. 

Under  conditions  of  a  thermal  regime  (and  initial  contents  in 
the  air  of  HgO  and  COg  vapors  the  freezers  of  air  separators  in  the 
case  of  the  formation- of  a  nonsaturated  or  saturated  steam  at  the 
outlet  we  can  make  the  calculations  using  Eq.  (9).  Here  the  surface 
of  the  heat  exchanger  is  divided  into  a  number  of  regions,  in  each 
of  which  we  can  assume  the  average  temperature  of  the  wall  to  be  con- 
st ant « 

If  calculation  using  Eq.  (9)  leads  to  supersaturation,  then  it 
is  to  be  assumed,  from  Hausen’s  conclusions,  that  the  amount  of  frozen- 
out  component  does  not  correspond  to  the  final  results  of  Eq.  (9),  but. 
is  equal  to  the  equilibrium  content  with  saturation. 

4 

Here  the  velocity  of  the  gas  should  not  exceed  the  rate  at  which 
separation  of  the  frost  from  the  wall  is  possible. 


Heat  Transfer  Through  the  Surface  Covered  by  Frost 


With  heat  transfer  through  the  clean  wall  of  a  tube,  the  linear 
thermal  resistance  is  determined  by  the  expression 
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If  frost  precipitates  on  the  walls  of  the  tubes  (Fig.  5),  the 
conditions  of  heat  transfer  vary  owing  to  the  appearance  of  an  additional 
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thermal  resistance  and  change  of  the  magnitude  and  nature  of  the 
heat-transfer  surface.  Here,  for  Instance,  for  a  case  of  freezing 
on  the  external  surface  of  the  tube 
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The  coefficient  of  heat 
transfer  from  the  wall  to  the 
coolant  and  the  thermal  resist¬ 
ance  of  the  wall  of  the  '-tube 
1  ^2 

In  -*=■  do  not  vary  when  frost 
2A,ra  al 

appears  and  therefore  can  be 

disregarded  for  the  present. 

From  previous  work3  [6,  J,  16, 

17,  and  19]  conducted  by  a  number  of  authors  it  is  known  that  the 

heat  conduction  of  frost  is  a  function  of  Its  density.  The  thickness 

df  -  do 

of  the  frost  layer  .  ■  -* — -  depends  both  on  the  amount  of  precipitat¬ 
ing  substance  and  on  its  density. 

As  our  experiments  and  literature  data  [4,  6,  8,  9,  13  and  17] 
indicate,  the  density  of  the  frost  layer  depends  on  the  nature  of  the 
process  of  its  formation.  When  crystals  are  present  in  a  volume  of 
gas  the  froBt  layer  consists  not  only  of  pai*ticles  which  formed  on 
the  wall  but  also  those  which  precipitated  from  the  gas  flow  on  the 
frost  crystals.  In  this  case  the  frost  layer  will  be  less  dense 
than  when  it  precipitates  only  on  the  wall. 

The  hydrodynamic  flow  regime  Influences  the  structure  of  the 
frost  precipitating  on  the  walls.  With  laminar  flow  the  frost  is 
friable  and  porous.  When  the  Reynolds  number  is  increased  the  density 
of  the  layer  Increases,  the  roughness  decreases,  and  the  adhesive 


Fig.  5.  Frost  distribution 
in  the  tubes  of  the  freezer: 
l)  wall  of  metal  tubej  2) 
frost  layer. 
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force  between  the  crystals  and  the  wall  increases.  Inside  the  layer 
itself  the  density  of  the  frost  differs  with  thickness,  and  increases 
on  approaching  the  wall.  In  the  process  of  freezing,  the  average 
density  of  the  frost  increases  with  an  increase  in  the  amount  of 
Bubstance  precipitating  on  the  wall.  When  the  vapor  pressure  is 
rediiced,  under  conditions  conducive  to  the  growth  of  individual  crys¬ 
tals,  the  density  of  the  frost  decreases. 

When  selecting  the  velocity  of  the  vapor  gas  mixture  in  the 
freezer  we  should  take  into  account  the  possibility  of  the  crystals* 
breaking  from  the  wall  and  being  carried  away  with  the  flow. 

In  order  to  explain  the  effect  of  pressure  on  the  magnitude  of 
the  flow  velocity  at  which  carry  off  begins,  we  conducted  tests  in 
a  special  model  for  the  cooling  of  moist  air  at  a  pressure  from  1.0 
to  7  atm  (abs.).  The  model  (Fig.  6)  la  a  tube  with  an  outside  diameter 
of  13  mm  and  2.5  mm  thick,  in  a  housing  22/20  mm  in  diameter.  We 
mounted  a  chamber  at  the  cold  end  with  two  little  windows  to  allow  us 
to  observe  the  flow.  At  the  3ame  place  we  extended  the  thermocouple 
leads  for  measuring  the  gas  temperature.  When  the  pressure  is  increased 
there  is  an  increase  in  the  velocity  at  which  breakaway  of  the  crystals 
begins  which  obviously,  explains  the  greater  density  of  the  frost 
when  the  Reynolds  number  is  increased.  Thus,  carrying  away  of  the 
crystals  was  noticed  at  a  pressure  of  1  atm  (abs.)  for  a  velocity 
of  5.0  m/sec,  while  at  a  pressure  of  7  atm  (abs.)  it  was  observed 
only  for  a  velocity  higher  than  7*0  m/sec. 

The  abundance  of  factors  Influencing  the  frost  structure  also 
confirmed  by  our  tests  on  the  visual  model,  makes  it  difficult  to 
explain  the  general  dependences  of  frost  density  on  the  parameters 
of  the  process.  Considering  the  variety  of  phenomena  of  the  various 
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Fig.  6.  Visual  model  for  tests  under 
pressures  A  and  B)  inlet  and  outlet  of 
the  cooled  air;  C  and  D)  inlet  and 
outlet  for  the  cooling  air;  E)  thermo¬ 
couples  for  measuring  gas  temperature; 

F)  inspection  window. 

design  factors  in  industrial  freezers,  there  is  hardly  any  sense  in 
attempting  a  complete  solution  of  this  problem  at  present. 

The  specific  density  of  the  frost  from  water  in  the  tests 
conducted  for  Reynolds  numbers  from  2300-14,000,  according  to  the 
data  of  various  authors  [6,  7,  16,  and  19],  varied  from  0.15  to  0.3 
kg/dnr5.  The  heat  conduction  of  the  frost  from  these  same  data  is  from 
0.1  to  0.5  kcal/m*hr .deg. 

When  frost  precipitates  on  the  walls  of  the  tubes  the  cross 
section  for  passage  of  air  decreases,  which  leads  to  an  increase  of 
the  velocity  and,  hence,  to  an  increase  of  the  coefficient  of  heat 
transfer  from  the  air  to  the  frost  layer.  If  we  do  not  take  into 
consideration  the  permeation  of  the  layer  of  crystals  by  the  gas,  then 
the  heat  transfer  surface  decreases  when  the  frost  precipitates  inside 
the  tube  and  Increases  when  the  frost  precipitates  on  the  outside  of 
the  tubes.  The  relatione  between  the  Increase  of  the  thermal  resist¬ 
ance,  the  increase  of  the  heat- transfer  coefficient  owing  to  the 
Increase  of  the  velocity,  and  the  change  in  the  magnitude  of  the 
heat-transfer  surface  depend  on  the  design  of  the  freezer  and  its 
hydrodynamic  regime. 
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In  order  to  estimate  the  change  of  the  conditions  of  heat  trans¬ 
fer  due  to  the  factors  Enumerated  above,  we  oan  introduce  the  condi¬ 
tional  total  thermal  resistance} 


f  4.  1 

q  +  qq 


For  a  clean  wall  df  »  dg  and  af  »  cig. 

4 

The  magnitude  of  the  thermal  resistance  yV  ,  depending  on 

Kfdg 

geometric  factors,  i.e.,  on  the  thickness  of  the  precipatlng  layer, 
can  be  expressed  as  the  function  of  the  diameter  of  the  layer  surface 
df  for  constant  thermal  conductivity  and  constant  gas  parameters. 

For  instance,  for  freezing  inside  the  tube  we  have  the  following 
dependence  (Fig.  7 ) : 


1  4.  1 

spi7  +  2T7 


where 


ar  "  q~ 


For  air  we  can  assume  [21] 


Nu  -  0.018  ReL 


4(3v  1 

Jboo'nig  ’  q 


where  Ov  is  the  gas  discharge  in  kg/hr. 

Substituting  the  value  of  Re  into  Expression  (l?)  we  obtain 

*0.8  4 

1  df  1  .  dl 

^737  ~r~ +  2x7  ln  37 


where 


=  50,4-10 -’k(v)U-  - 
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Pig.  7.  The  change  in  thermal 
resistance  of  heat  transfer 
from  the  gas  to  the  wall  for 
precipitation  of  the  frost 


For  a  cross  flow  in  the 
intertubular  space  with  a  baffle 
when  [22]  Nu  -  0.25  Re0*6  Pr°‘3 
we  obtain  the  function 


In  df 


(15) 


where 


A  ss  0,25  PrM  X 


43.3  •  10-*X 


Analysis  of  Expressions 


A  p 

layer  •  10  :  1  and  2)  (15)  and  (14)  as  well  a3  process 

tt.f 

calculated  data  for  the  labora-  3ing  of  test  data  using  these 
tory  model  of  the  freezer  when 

Xf  =  0.1  kcal/m*hr*deg  and  expressions  show  that  with  the 

Xf  "  °*5  kcal/m-hr-deg;  ?  and  correflponding  Xf  and  a.  (the 

4)  calculated  data  for  the  1  A 

freezer  under  pressure  when  latter  Is  not  introduced  in  implicit 

X  =  0.1  kcal/m*hr .deg  and  X  - 

«  0.5  kcal/m»hr  .deg.  form),  both  an  Increase  and  decrease 


of  the  value  can  occur  as 

compared  to  the  original  value  cx2  for  a  clean  wall.  The  graph  in 

i 

Pig.  7  gives  the  change  w-  as  a  function  of  the  thickness  of  the  frost 
layer  of  water  6  for  extreme  values  of  Xf 

Curves  1  and  2  were  calculated  for, a  laboratory  model  of  the 
freezer  at  a  pressure  of  1  atm  (abs.)j  curve  5  and  4  were  calculated 
for  a  freezer  at  a  pressure  of  150  atm  (abs.). 
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When  freezing  in  a  tube  -  10  mm  at  150  atm  (abs.)  of  pressure, 
the  initial  heat-transfer  coefficient  af  (until  precipitation  of  the 
frost  or  for  the  flow  of  a  clean  gas)  had  a  noticeably  higher  value 
than  when  testing  at  1  atm  (abs.)  of  pressure.  Therefore,  the 
appearance  of  additional  thermal  resistance  has  a  more  noticeable 
influence  them  a  velocity  increase.  In  tests  at  the  same  pressure 
of  1  atm  (abs.)  the  effect  of  increasing  the  velocity  prevails  over 
the  thermal  resistance  which  causes  an  increase  in  K^..  For  testB  at 
a  high  pressure  with  significant  magnitudes  of  the  Reynolds  number 
an  increased  value  of  the  density  should  be  expected,  i.e.,  a  higher 
value  of  Xf.  When  freezing  at  1  atm  (abs.)  of  pressure  the  value 
Xf  will  probably  be  closer  to  0.1  than  to  0.5;  therefore,  the  curves 
for  values  of  Xf  which  are  less  probable,  are  plotted  as  dashed  lines. 

Magnitude  Kj,  is  also  affected  by  the  fact  that  when  the  froBt 
freezes  on  the  wall  the  heat-transfer  surface  becomes  rougher  than 
a  surface  of  clean  metal.  As  has  been  3hown  In  papers  on  the  study 
of  heat  transfer  in  tubes  with  different  surface  conditions  [5,  15» 
and  16],  when  the  roughness  of  the  wall  Is  increased  the  coefficient 
of  heat  transfer  from  gas  to  the  surface  can  be  increased  up  to  three¬ 
fold  as  compared  to  its  magnitude  for  a  smooth  wall.  Thus,  a  certain 
increased  value  of  is  possible  depending  on  the  surface  condition 
of  the  frost.  A  combination  of  the  effects  examined  above  can 
(depending  on  the  design  and  operating  regime)  lead  to  both  an  increase 
and  a  decrease  of  as  compared  to  ag. 

According  to  experiments  conducted  previously  [6,  7,  10,  16  and  17] 
differs  from  ag  in  relatively  restricted  limits.  According  to 
certain  test  data  K^,  is  somewhat  higher  than  ag;  in  most  oases 
<  ag,  but  not  by  more  than  two  times. 
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It  was  noted  that  in  most  cases  at  the  beginning  of  the  test 
decreases,  and  then  its  value  remains  constant. 

When  we  conducted  tests  of  models  of  the  freezer  and  semi- 
lndustrlalized  test  units  the  change  of  the  magnitude  of  the  heat- 
transfer  coefficient  was  miscalculated. 

Processing  of  the  test  results  showed  that  under  operating 
conditions  of  the  laboratory  model  there  was  no  decrease  in  the 
magnitude  of  heat-transfer  coefficient  compared  with  the  initial 
value.  In  tests  on  the  test  unit  of  high  pressure,  about  which  more 
will  be  said  below,  it  was  noticed  that  when  feeding  the  moist  air 
the  heat-transfer  coefficient  Kf  decreased  almost  double,  and  then 
remained  constant  up  to  clogging  the  apparatus. 

The  thermal  calculations  of  carbon-dioxide  freezers  did  not 
show  a  noticeable  change  in  compared  to  a-,  According  to  the 
calculations  of  the  operating  regimes  of  heat  exchangers  of  the  A-5^00 
nitrogen  apparatus  at  the  DATZ,  the  heat-transfer  coefficient 
during  the  operating  period  of  the  heat  exchanger  up  to  switching 
decreased  by  25#. 

Taking  into  account  what  was  r  ated  above  and  the  difficulty 
of  simulating  the  heat-transfer  process  during  freezing,  we  can 
recommend,  for  air  separators,  that  heat  exchangers  be  calculated 
assuming  the  moBt  severe  conditions  for  heat  transfer.  With  a  certain 
margin  we  can  recommend  a  value  of  equal  to  one-half  the  initial 
magnitude  of  the  calculated  heat-transfer  coefficient  cig,  i.e.,  Kf  * 
“0.5  “g*  Here>  for  low-pressure  freezers  a  velocity  of  the  cooled 
gas  above  5.0  m/sec  should  not  be  used,  in  order  to  avoid  separation 
of  the  frost  from  the  walls. 
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The  most  important  operating  characteristic  of  the  freezer  is 
its  continuous  running  time  In  a  single  operating  cycle. 

With  freezing  inside  the  tubes,  an  increase  of  the  frost  layer 
causes  ever  faster  contraction  of  the  channels  for  the  flow  of  the 
vapor-gas  mixture.  Since  the  friction  flow  increases  quadratically 
with  an  increase  in  the  flow  velocity,  a  relatively  Blow  increase  of 
the  friction  is  observed  for  a  certain  time,  and  then  it  increases 
very  rapidly  to  inadmissible  values. 

Figure  8  shows  the  calculated  change  of  friction  flow  Ap  when 
the  channel  diameter  _d  is  decreased  by  the  frost  deposit.  Since  the 
rate  of  diameter  decrease  increases  with  time,  it  is  apparent  that 
the  clogging  process  will  occur  very  rapidly. 

During  freezing  in  the  tube  space  when 
frost  precipitates  during  the  initial  period, 
the  friction  growth  is  also  unnoticed,  and 
then  the  friction  smoothly  increase  to  a 
limiting  value. 

The  permissible  continuous  running  time 
is  limited  by  thlB  increase  of  friction.  The 
frost  distribution  along  the  operating  channel 
can  be  irregular  both  with  respect  to  the 
amount  of  the  component  being  frozen  out  and 
with  respect  to  the  density  of  the  precipitate;  therefore,  clogging 
of  the  freezer  can  occur  in  separate  most  stressed  regions.  Calcula¬ 
tion  of  the  frost  density,  as  has  been  pointed  out  above,  is  quite 
difficult.  The  quantitative  distribution  of  the  substance  being  frozen 
out  along  the  heat-transfer  surface  can  be  determined  in  the  first 
approximation  by  calculation  on  the  basis  of  the  conclusions  of  the 
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first  section  of  this  report.  Therefore,  in  calculating  the  contin¬ 
uous  running  time  of  the  freezers  to  clogging,  we  shall  consider  it 
advantageous  to  use  the  value  of  the  unit  load  of  the  freezing  surface 
with  respeot  to  frost  £  (the  weight-  quantity  of  the  component  being 
frozen  which  is  precipitating  per  unit  of  surface  freezing  of  a  clean 
tube). 


The  above  data  make  it  possible  to  consider  that  for  two  devices 
of  identical  (type)  design  with  identical  finite  temperatures  of  the 
cooled  flow,  but  differing  with  respect  to  output  or  operating  length 
of  the  tubes,  the  running  time  to  clogging  is 


T 


(16) 


where  t  is  the  running  time  to  clogging  of  the  newly  designed  device; 

g  is  the  maximum  unit  load  with  respeot  to  the  frost  in  this 
device; 

t  and  g  are  the  corresponding  values  for  the  test  or  the  Industrial 
device  which  we  have  at  our  disposal. 

In  order  to  verify  these  statements  and  to  obtain  initial  data, 

during  the  calculations  we  experimented  on  testing  units,  on  the 

freezing  out  of  moisture  from  high-pressure  air,  on  the  freezing  out 

of  C02  from  air  at  a  pressure  of  6  atm  (abs.),  and  we  investigated  the 

operation  of  heat  exchangers  of  the  nitrogen  device  at  the  DATZ. 


Tests  on  a  High-Pressure  Testing  Unit 

The  testing  unit  is  a  system  of  spiral  heat  exchangers  in  which 
the  premoistened  air  is  cooled  to  the  prescribed  temperature  (Fig.  9). 
Protection  against  cold  losses  and  cooling  of  the  counterflow  was 
accomplished  either  by  feeding  liquid  oxygen  from  the  outside  or  by 
a  high-pressure  cooling  cycle.  The  basic  device  of  the  testing  unit. 
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the  freezer  was  made  from,  copper  tube  with  an  outside  diameter  of 
15  mm,  2.5  mm  thick,  and  10  m  long  wound  on  a  core.  The  tube  was 
divided  into  5-m  sections  connected  in  series.  By  means  of  a  plug 
arrangement  the  second  section  cai  be  cut  out  of  operation.  Two 
groups  of  tests  were  conducted;  they  differed  in  that  at  identical 
thermal  loading,  the  heat-transfer  surfaces  were  different. 

We  tested  at  an  air  pressure  of  150  atm  (tech.).  Air  in  the 
amount  of  43  kg/hr  (in  both  tests  it  was  saturated  by  water  vapor) 
was  cooled  in  the  freezer  from  4  to  -50°. 

In  the  tests  with  a  tube  5  m  long  the  temperature  at  the  warm 
end  was  37°C.  The  freezer  clogged  23  hourB  after  feeding  of  the 
moist  air.  In  the  tests  with  a  tube  10  m  long  the  temperature  differ¬ 
ence  at  the  warm  end  was  equal  to  15°.  The  freezer  was  clogged  after 
70  hours.  The  resistance  of  the  freezer  did  not  increase  gradually 
with  time  but  increased  very  rapidly  to  ~  50  atm  (tech.).  The  moisture 
content  of  the  air  determined  by  a  DDN-1  high-pressure  hygrometer 
corresponded  to  saturation  by  water  vapor  for  the  temperature  of  a 
straight  flow  at  the  cold  end,  i.e.,  the  dew  point  was  equal  to  the 
gas  temperature. 


Fig.  9.  Diagram  of  the  testing 
unit  freezing  out  of  moisture 
under  high  pressure.  1)  humidifier 
2)  liquifler;  3)  moisture  separator  K 
4 |  freezer;  5)  heat  exchanger; 

6)  high-pressure  heat  exchanger; 

7)  heater  8)  thermocouples  for 
measuring  the  gas  temperatures. 


nl 

Assuming  that  in  each  cross  section  of  the  freezer  the  water 
vapor  is  in  the  saturated  state,  we  constructed  curves  of  the  change 
in  moisture  content  of  the  air  along  the  tube  (Pig.  iO).  The  differ¬ 
ence  of  the  moisture  contents  at  the  inlet  and  outlet  for  each  section 

*  Y 

of  the  tube  characterizes  the  amount  of  water  precipitating'  on  the 
wall.  For  calculation  we  used  sectors  of  a  tube  0.5  m  long,  we 
determined  the  unit  loads 

xi  "  x2  ,2 

so. 5  °  Qv  r0;5  --rouo 

and  we  constructed  curves  of  their  change  along  the  device. 


Pig.  10.  The  change  in 
moisture  content  of  air  and 
the  unit  load  along  the 
freezer  tube:  i  and  2) 
moisture  content  of  air 
x  in  grams  of  water  per 
Tcilogram  of  air  for  tube 
lengths  of  10  and  5  mj 
3  and  4)  unit  load  with 
respect  to  frost  £  in 
kilograms  of  water  per 
lin"  of  tube  per  hour  for 
tube  lengths  of  10  and  5  a. 


As  Is  apparent  from  the  calculation,  for  a  10-m  tube  tne  frost 
is  distributed  rather  uniformly  over  the  entire  surface.  At  the 
warm  end  of  the  freezer,  at  a  length  of  4  m,  the  unit  load  is  constant 
and  is  maximum:  g^Q  «  0.01  kg/m^hr. 

With  a  tube  5  ra  long  a  greater  quantity  of  frost  precipitates 
at  the  warm  end  than  along  the  entire  length  of  the  device.  The 
maximum  unit  load  is  equal  to  0.03  kg/hr.  The  ratio  of  the  maximum 
unit  loads  at  the  warm  end  of  the  freezer  is 


■5.0  „  0.05 

SIS  S7OT 
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Honce,  with  identical  amounts  of  moisture  entering  the  freezer, 
with  a  tube  10  ra  long  the  running  time  of  the  devioe  until  it  clogB 
should  be  3  times  that  of  a  tube  5  m  long,  which  was  confirmed  by 
the  test  data. 


Freezing  Out  of  Carbon  Dioxide  and  Low-Pressure  Moisture 


When  testing  the  unit  of  the  regenerators  with  an  air  sample 
from  the  middle  we  obtained  data  on  the  operation  of  tubular  switching 
C02  freezers.  In  the  freezers  the  compressed  air  with  0.0?j6  COg  was 
cooled  from  -100°  to  -160°,  The  greatest  temperature  difference 
between  the  air  and  wall  was  15°.  Two  freezers  were  mounted  on  the 
test  unit  (Fig.  11);  they  had  tubes  with  outside  diameters  of  10mm,  1mm 
thick,  and  a  pitch  of  13  mm.  The  operating  length  of  the  tubes  was 
3222  mm.  In  one  of  the  freezers  the  air  was  cooled  in  the  intertube 
space  (Fig.  12)  equipped  with  baffles,  and  in  the  other  it  was  cooled 


in  the  tubes. 


Fig.  11.  Diagram  of  the 
operation  of  the  freezers: 

1  and  2)  freezers  with 
feeding  of  impure  air  into 
the  intertube  and  tube  space 
3  and  4)  filters;  5)  ther¬ 
mocouples  for  measuring  the 
gas  temperatures. 
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Fig.  12.  Carbon  dioxide  freezers  1  and  2)  Inlet 
and  outlet  of  the  cooled  airj  5  and  4)  Inlet 
and  outlet  of  the  cooling  air. 

In  the  first  freezer,  analyses  showed  the  COg  content  to  be 
close  to  saturation;  in  the  second  it  was  noticeably  higher  (Table 
2).  For  the  indicated  temperature  difference  and  with  turbulent 
regime  the  formation  of  supersaturated  vapor  was  not  to  be  expected. 
The  increased  COg  content  was  apparently  caused  by  the  breakaway  of 
the  frost  from  the  walls  with  a  noticeable  increase  of  the  air  flow 
velocity  when  the  regenerators  are  switched  in.  This  assumption  was 
confirmed  by  the  increased  resistance  of  the  filter  placed  in  the 
air  flow  at  the  outlet  from  the  freezer.  With  freezing  in  the  inter¬ 
tube  space,  the  falling  frost  is  retarded  by  the  baffles.  The  running 
time  of  the  heat  exchangers  with  freezing  in  the  intertube  space  with 
an  increase  in  resistance  to  0.1  kg/cm2  is  48  hours. 

Table  4  shows  the  data  from  a  calculation  of  the  resistance  of 
the  freezers  when  cooling  the  air  in  the  intertube  space,  tinder  the 
assumption  that  the  thickness  of  the  frost  layer  is  uniform  along  the 
surface  of  the  freezer  and  the  specific  gravity  of  the  C0g>  frost  is 
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equal  to  0.5  kg/liter. 

The  average  unit  load  was  equal  to  0.01  kg/cm2. 
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When  designing,  assembling,  and  operating  the  water  freezers  we 
should  take  into  account  the  fact  that  Introduction  of  water  drops 
with  the  vapor  decreases  the  running  time  of  the  device.  Therefore, 
we  should  take  measures  to  prevent  the  carrying  away  of  drops  from 
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the  moisture  separators  and  pipes.  Switching  shell-and-tube  moisture 
freezers  were  investigated  at  the  Dneprodzerzinsk  nitrogen-fertilizer 
plant.  The  moist  gas  was  fed  into  the  intertube  space  of  the  heat 
exohanger  where  it  was  cooled  from  22-3^°  to  -17  to  -20°.  Under 
operating  conditions  the  resistance  of  the  heat  exchanger  in  the  course 
of  3-5  hours  reached  0.2  kg/cm2.  In  this  case  the  average  unit  load 
with  respect  to  the  frost  was  0.05  kg/m2hr.  Luring  careful  blow-out 
of  the  moisture  separators  and  communication  every  15  minutes  the 
resistance  of  the  heat  exchanger  increased  to  0.2  kg/cm2  only  after 
10  hours  of  switching  (Fig.  13). 


Fig.  13.  Resistance  change  of  A-5^00 
nitrogen  heat  exchangers  1)  heat 
exchanger  resistance  during  normal 
operation;  2)  heat  exchanger  resist¬ 
ance  when  blown  out  every  15  minutes. 
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Conclusions 


1.  Luring  the  process  of  freezing  out  moisture  and  carbon 
dioxide  under  the  temperature  conditions  of  the  heat  exchangers  of 
air  separators,  the  formation  of  bulk  crystals  is  not  to  be  expected. 

At  noticeable  temperature  differences  (higher  than  30°)  crystal 
formation  is  possible  at  the  initial  moment  of  operation  of  the  devioe, 
and  then,  during  precipitation  on  the  wall,  fog  formation  gradually 
stops.  Cooling  the  gas  to  the  prescribed  temperature  with  slight 


temperature  differences  in  a  turbulent  regime  guarantees  the  presence 
of  vapor  in  an  amount  not  exceeding  the  equilibrium  amount  (correspond¬ 
ing  to  saturation)  provided  there  is  no  breakaway  of  the  frost  from 
the  walls. 

To  avoid  breakaway  of  the  frost  the  air  velocity  in  the  low- 
pressure  freezers  should  not  exceed  3.0  m/sec. 

During  freezing  under  conditions  of  a  laminar  regime  with  high 
temperature  differences  the  formation  of  fog  is  possible  for  all  mix¬ 
tures.  With  small  temperature  differences  and  small  Initial  concen¬ 
trations  of  vapor  the  formation  of  fog  depends  on  the  physical  proper¬ 
ties  of  the  mixture  and  is  possible  for  mixtures  in  which  ^  >  1. 

2.  The  effect  of  the  frost  precipitating  on  the  walls  of  the 
tubes  on  the  intensity  of  heat  transfer  is  a  very  complex  function 

of  the  conditions  of  the  process  and  the  design  characteristics  of  the 
device,  and  can  lead  to  both  a  slight  reduction  and  an  Insignificant 
increase  in  the  intensity  of  heat  transfer  for  freezing. 

When  designing  new  freezers  It  is  advantageous  that  the  heat- 
transfer  coefficient  for  the  flow  of  a  vapor-gas  mixture  be  twice  as 
low  as  that  calculated  for  a  clean  tube>  and  that  the  most  unfavorable 
variant  be  taken  into  account  and  not  lead  to  excessive  reserves. 

3.  The  running  time  of  freezers  of  identical  design  depends  on 
the  magnitude  of  the  maximum  unit  load  with  respect  to  the  frost, 

p 

i.e.,  the  amount  of  frost  precipitating  on  a  1  m  surface  per  unit 
time,  corresponding  to  Eq.  (16). 
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